The observation of low albedo, elongated and transient features lengthening downhill on Mars has attracted wide interest because of the possible role of aqueous fluids in their formation. These recurring gravity-driven processes, called Recurring Slope Lineae (RSL), remain mysterious in that, although the influence of local climate conditions has been established, their nature (dry versus wet) and the mechanisms that govern their growth and fading are debated. We present three different physical models for the growth of RSL, the first two are wet-based models with different aqueous fluid evaporation models and the last is based on dry granular theory. We discuss the prediction of each model with regards to the growth and fading of RSL and their morphology. We finally discuss the strengths and weaknesses of these models in light of what we currently observe on Mars. We find that both wet and dry RSL scenario face challenges, mostly regarding aspects of mass balance. However, water-based scenarios provide a consistent framework to reconcile the different sets of morphological observations made on RSL.
Introduction
Over the last decades, observations have pointed to active, gravitydriven, geomorphic features on Martian slopes at low to mid-latitudes. These include Recurring Slope Lineae (RSL, our focus in this study), slope streaks and gullies (Dundas et al., 2012 Ferris et al., 2002; Hugenholtz, 2008; Kreslavsky and Head, 2009; McEwen et al., 2014 McEwen et al., , 2011 Ojha et al., 2014; Schorghofer et al., 2002; Shinbrot et al., 2004) . RSL are dark elongated features that grow downhill on steep slopes (generally around 30°) at mid to low latitudes generally during the season of maximum solar illumination. They fade and vanish before reappearing the following year. RSL that grow downhill without merging with nearby neighbors are elongated, with aspect ratio (length to width) often greater than 100.
These features have prompted interest because of their potential connection to the presence of shallow liquid water (or brine). The presence of liquid water (even brine), even only seasonally, near the surface of Mars is of significant importance for assessing habitability, resource utilization potential, and implications for planetary protection protocols (Rummel et al., 2014) . Our understanding of the nature of RSL is limited by remote observations and, consequently the processes underlying their evolution and occurrence are subject to debate.
Currently, one of the most prominent debates is the role of water in the formation of RSL (Chevrier and Rivera-Valentin, 2012; Chojnacki et al., 2015; Dundas et al., 2017 Dundas et al., , 2012 Edwards and Piqueux, 2016; Ferris et al., 2002; Gough et al., 2011; Grimm et al., 2014; Hugenholtz, 2008; Kossacki and Markiewicz, 2014; Kreslavsky and Head, 2009; Levy, 2012; Massé et al., 2016; Nuding et al., 2014; Ojha et al., 2015; Pelletier et al., 2008; Shinbrot et al., 2004; Stillman et al., 2016 Stillman et al., , 2014 Watkins et al., 2014) . In either the dry or wet cases, models that have been proposed rely on the movement of fluids or a granular medium (sand particles) down a slope, processes that are both members of the broad family of gravity flows, processes where mass transport is caused by density differences within a gravitational field.
The role of water in the formation and growth of RSL and therefore the nature of these gravity flows remains controversial (Dundas et al., 2017; Edwards and Piqueux, 2016; Grimm et al., 2014; Massé et al., 2016) , partially because of the lack of direct measurement on these flows (e.g. whether grains are mobilized, moisture content), and because it is expected that both dry and wet flows would share many similarities in terms of morphology. Recently, arguments for or against a wet process for both RSL and slope streaks have relied on the steepness of the slope over which RSL propagate (Brusnikin et al., 2016; recently placed into question the role of water in RSL based on the observation that termination slopes are within the range expected for the dynamic angle of repose for dry sand. In the present study, we use a quantitative, process-based approach to attempt to distinguish between dry and wet scenarios, given that they actually do predict differences in the morphology and growth rate of RSL.
Different flavors of wet and dry models have been proposed recently to explain the growth and morphology of RSL, including origin of the fluids (e.g. Abotalib and Heggy, 2019 and triggers for dry granular flows (e.g. Massé et al., 2016 , Raack et al., 2017 , Schmidt et al., 2017 , Vincendon et al., 2019 . In the present study, we focus on the processes that govern the propagation of the flows instead of triggers and sources for these flows, because our goal is to test whether dry or wet flows better fit the morphological expressions observed and measured with RSL. We consider two distinct water evaporation models for wet flows and derive scaling relationships for the evolutionary morphology of wet RSL and the amount of water involved in their formation. We then consider dry granular flows, the dynamics of which are based on the St Venant equations (Felix and Thomas, 2004; Forterre and Pouliquen, 2008; Pouliquen, 1999; Savage and Hutter, 1989) . We then compare the results from our theoretical and numerical simulations with 13 measured (non-merging) RSL to assess the potential for dry and wet models to fit the predictions made with the different theoretical models.
Measurements, observations

RSL measurements
A large number of RSL sites were visually inspected to find individual slope lineae that formed without merging with one another. HiRISE digital terrain models (DTMs), along with orthorectified images were used to measure the slope, and to track the dimensions of RSL as a function of time ( Table 2 ). The Mars climate database (MCD: http:// www-mars.lmd.jussieu.fr/mcd_python/; Forget et al., 1999) (MCD: http://www-mars.lmd.jussieu.fr/mcd_python/) was used to calculate the temperature diurnal cycles for all the sites presented. The estimates of the diurnal temperature cycles at the different RSL sites are not used directly in our analysis of the morphology and growth of RSL. As discussed below we use morphological data to assess effective rates (production and evaporation) that are averaged over the diurnal cycle. The only part of the analysis that requires a rough estimate of the portion of a day where the temperature is such that evaporation is active is when estimating a true evaporation rate and contrast it (below) to experimental data on pure water and brines for the wet model.
Physical models
In this section, we provide a quantitative basis for dry and wet gravity-driven processes. First, a discussion of the derivation is provided for each model; we then proceed to a scaling analysis to test predictions with measured non-merging RSL in the subsequent section. A list of mathematical symbols used in this study is provided in Table 2 .
Table 1
The data for Tivat and Raga craters were compiled from Shaeffer et al.(2014) . *HiRISE RED images were manually georeferenced to find the increase in RSL length. No DTM exists for Asimov crater, so we approximated the wall slope using the Mars Orbiter Laser Altimeter (MOLA) Smith et al. (2001) C. Huber, et al. Icarus 335 (2020) 113385 
Wet model
The model for wet RSL is based on the subsurface spreading (porous flow) of aqueous fluids down a slope and includes both a source of fluids upstream and loss of fluids by evaporation from the top of the flow (see Fig. 1 ). The model can be derived from two complementary points of view, physical hydrology and lubrication theory (gravity flows). Fig. 1 provides an illustration of the setup for the model. Fluids are fed to the flow by a point source and flow downslope (y-direction) atop a low permeability horizon that could represent either a shallow permafrost layer, bedrock, or even a horizon where porosity is obstructed by the deposition of salts because of repeated evaporation of briny fluids. We will assume that fluid leakage through this lower boundary is slower than evaporation and will neglect it.
Governing equations
The governing equations for the wet gravity flow be derived from the theory of flows through unconfined aquifers. Mass conservation of fluids in an unconfined aquifer leads to the Boussinesq equation (Bear, 1972) , which for a homogeneous medium reduces to
where h is the piezometric head, which is here equivalent to the water table elevation or the flow thickness, given that our reference frame origin is set at the top of the impermeable layer. The group of parameter Ω = kρ w g/μϕ is the hydraulic conductivity of the medium divided by its porosity. We rely on the assumption that the flow dimensions parallel to the slope are much greater than its thickness, which allows us to use the Dupuit approximation, i.e. that the plane-normal pressure gradient is
Table 3
Summary of the results from the solution of the governing equations for the two wet flow and the dry flow models. Although they can all predict the morphology of the observed non-merging RSL, the dry flow model cannot explain both growth rate and maximum extent of the RSL within a consistent framework. The two wet models are significantly different with respect to the evaporation model used, which also impacts the scaling laws that control the morphology of RSL once they reach their maximum length. Interestingly however, when considering the effective evaporation rate and production of water necessary for the formation of the measured RSL, they provide results within the same order of magnitude. Table 4  Table 2 lists the geographic location of each studied site and the results from the analysis with Model 1. The results from Model 2 fall within the same order of magnitude as the results listed here. t 1/2 is the half life for the aqueous fluid in the RSL because of evaporation, while t c 1/2 is corrected for the fraction of the day over which the temperature is sufficient to activate evaporation. We provide a range of corrected half-lives; the lowest bound considers pure water, while the upper bound considers Na-perchlorate (eutectic) brines. The next column k is the calculated permeability of the soils. The two figures for the last column (Volume produced) are both lower bounds, because they integrate the production of RSL only over the time span that we see them active from HiRISE images. Each figure represents a different lower bound considering a steady-state width ranging from 0.5 up to 1 meter for all RSL but that of Rauna crater, where the width was estimated as 1.5 m. Huber, et al. Icarus 335 (2020) 113385 hydrostatic. Introducing the definition of the piezometric head
where the pressure field, following the Dupuit approximation, reduces to
We finally retrieve a mass conservation statement for the fluid moving downslope
where ∇ xy ⋅ is the divergence operator restricted to the slope-parallel dimensions (plane X-Y in Fig. 1 ). The first term of the righthand side of Eq. (4) is the self-spreading term. It is symmetric with respect to X-Y directions and describes the spreading of a mound of fluid in a porous medium because of gravity. The second term introduces a break in symmetry caused by the slope of the impermeable interface that bounds the flow at the base of the flow; it favors spreading along the downslope direction (Y).
So far the physical model lacks any sources or sinks of fluids caused by production (e.g. melting of ice, deliquescence) and loss by evaporation. Volumetrically, the overall mass balance of fluids involved in the formation of wet RSL for this model can be simply expressed by an ordinary differential equation
where Q(t) and L(t) are the volumetrically integrated time-dependent source and loss terms respectively. We will assume that these flows are fed by a point source, i.e. a source that is localized spatially and significantly smaller in extent than the footprint of the fully developed flow. Assuming the loss term (evaporation) to be effective over the whole flow, we can introduce it back into Eq. (4) to get our general model for the spreading of the wet gravity flow
where ℒ is related to L(t) and refers to the evaporation term discussed in the next section. The wet RSL model is therefore assuming that a fluid-saturated region, in contact with an underlying aquitard, develops and is overlain by a capillary fringe where fluids occupy a small portion of the pore space and are pumped out of the underlying saturated region by capillary stresses caused by evaporation. Therefore, in the wet model, the effect of capillary stresses is only explicit in the evaporation process (see next section), but does not influence directly the spreading (flow) dynamics within the saturated portion of the flow. This latter assumption is motivated by a simple scaling argument comparing capillary stresses σ/d where σ is the interfacial tension between the aqueous fluid and air and d is an effective hydraulic radius of the porous medium, with gravitational stresses g L sin y , where L y is the downslope extent of the flow. Using a plausible range of values for the hydraulic radius, interfacial tension and slope, one finds that capillary stresses are negligible compared to gravitational stresses once the downslope extent of the flow L y reaches a meter or more. The downslope extent of the RSL measured in this study ranges from tens to hundreds of meters, we can therefore neglect capillary stresses in the wet flow equations. This is consistent with experiments where non-inertial flows down a slope display frontal instabilities associated with capillary stresses but are shown to have limited impact on the overall Fig. 1 . Schematics of the configuration for the wet and dry gravity flow models. For the wet cases, the flow takes place in the shallow subsurface (centimeters to a few tens of centimeters deep) fed by fluids upstream. Fig. 2 . Illustration of the evaporation models. The figure is modified from Lehmann and coworkers (Lehmann et al., 2008) , where two stages of evaporation rates are found experimentally and theoretically for the drying of unsaturated porous media. When moisture transport is not limited (stage 1), the evaporation rate remains constant, while it decays exponentially once moisture no longer forms connected pathways and moisture diffusion takes over as the limiting rate for evaporation.
C. Huber, et al. Icarus 335 (2020) 113385 growth rate and morphology of the flow (Lister, 1992) , at least at the scale of the observations discussed in this study. Alternatively, Eqs. (5) and (6) can be derived from lubrication theory given that the dimensions of the RSL are such that their thickness is significantly smaller than their width and length. Under these conditions, the fluid velocity field and the pressure gradient driving the flow are dominantly parallel to the slope, (Farcas and Woods, 2013; Huppert, 2006; Lister, 1992; Vella and Huppert, 2006; Woods, 2015) . The aspect ratio of the flow is such that the equations can be simplified by using depth integration and retrieving expressions typical of lubrication theory (Farcas and Woods, 2013; Huppert, 2006; Lister, 1992; Vella and Huppert, 2006; Woods, 2015) .
Evaporation models
The drying (i.e. loss of moisture by evaporation) of a porous medium has important industrial and engineering applications. It has therefore received significant attention (Lehmann et al., 2008 , and references within). Two distinct stages of drying, based on their rates have been commonly observed experimentally. The first stage of drying (early phase) is characterized by a near constant rate of drying (see Fig. 2 ). This stage of drying is controlled by fluid supply to the evaporation surface by fluid transport through connected pathways. The flow of fluids against gravity (wicking) is controlled by capillary stresses caused by a finite range of pore sizes available in the porous medium (Lehmann et al., 2008) . The kinetics of evaporation being the limiting factor, the evaporation rate is nearly constant until (1) further drying destabilizes the connected fluid pathways leaving the fluid in a pendular state (disconnected fluid menisci controlled by interfacial tension) or (2) the depth of saturated front increases to a point where viscous dissipation limits the ability of the fluids to ascend by wicking. In either case, moisture transport is now reduced to vapor diffusion through the pore space (stage 2) and the drying rate decays exponentially over time (see Fig. 2 ).
Assuming a static column partially saturated with fluids, the height of the fully saturated interface h decays according to
in stage 1, while it decays according to
in the transport-limited regime characteristic of stage 2.
We will use these two end-member scenarios motivated by stages 1 and 2 during the drying of a porous medium as the two evaporation models that will be tested for the loss of fluids from RSL. Model 1 (stage 1), describes a case where evaporation is kinetically limited and wicking occurs through connected flow pathways between the saturation front and the evaporation surface, while model 2 (stage 2), describes a case where wicking by connected flow is no longer possible and moisture is transported diffusively through the porous medium and to the surface. For the sake of clarity, we make a distinction between evaporation models and stages. During drying, a porous medium may experience stage 1 and then, once enough drying has taken place, transition to stage 2. The nature of these two stages leads to very distinct evaporation rates, which are taken as end-member models in our analysis.
Scaling analysis of the wet models
From Model 2, it is possible to constrain the effective average evaporation rate¯from the transient growth of RSL using the analytical solution to Eq. (5)
which compares very well with a numerical simulation shown in Fig. 3 using Eqs. (6) and (5) solved with the Ilín scheme (Ilín, 1969; Lister, 1992) . Time-averaged quantities α (where α can be the evaporation rate or the fluid production/source rate) are denoted with overline and defined as
where τ is a period significantly greater than a Martian day, here it will be the average over the warm, RSL-active season. The effective averaged evaporation rate constant¯in the wet model 2 can therefore be constrained based solely on the growth rate of RSL. In fact, as we will show in the Results section, under the circumstances where the downslope extent of the flow is significantly greater than its thickness, the volumetric growth of RSL is largely dominated by growth downslope, which suggests that, to a constant,
where L x , L y will refer to the width and length of the flow respectively. C. Huber, et al. Icarus 335 (2020) 113385 Therefore, under these conditions, measuring, when possible, the downslope growth rate of RSL combined with Eq. (9) provides constraints on the evaporation rate and more specifically¯. We estimate the hydraulic conductivity Ω and the averaged production rate of fluids Q from the steady-state extent of measured RSL. Under steady-state conditions, when production and evaporation match each other (see evidence for steady-state from data in the Results section), the mass balance statements from Eqs. (6) and (5) reduce to
and
with the surface footprint of the gravity flow on the X-Y plane. Under steady conditions (fully developed RSL), the maximum downslope and cross-slope extent of the RSL according to Model 2 are obtained from the conservation Eqs. (12) and (13) by balancing the downslope component of the gravity force with the evaporation term and the self-spreading term (∇ xy term), while the width (L x ) follows the balance between longitudinal (slope) and transverse spreading caused by hydraulic potential gradients.
where the dimensionless constants a 1 ,a 2 are of order 1 and retrieved from fits to the 1200 numerical simulation outputs shown in Fig. 4 . Scaling laws (Eqs. (14) and (15)) are in excellent agreement with the outputs of the numerical simulations. Considering now the constant evaporation rate model (Model 1), it is also possible to relate unequivocally the morphology of RSL to evaporation and production rates, but it requires a more complex C. Huber, et al. Icarus 335 (2020) 113385 approach, mostly because the flow thickness h becomes a more pronounced function of the production rate Q . We again resorted to scaling analysis and obtained relationships between the key parameters of the model. Balancing the downslope and transverse spreading of the flow with evaporation, we retrieve the following scaling laws for the hydraulic conductivity of the soil and the production of water involved in
where, again, the dimensionless constants of proportionality a Q and a Ω are determined from another set of 1200 simulations. The predictions from Model 2 are completed by the determination of the evaporation rate¯* from the growth of RSL using the analytical solution
where ζ is a characteristic thickness of the flow, which for Model 1 depends linearly on Q and is determined from the 1200 simulations. We developed a Markov Chain Monte Carlo (MCMC) optimization procedure to invert for Q, , and λ * based on the scaling laws and the morphological measurements made on the same 13 non-merging RSL as for Model 2.
Dry model
A critical parameter in the physics of the propagation of dry granular gravity flows is the Froude number, which characterizes the ratio of inertial to gravitational stresses in the flow,
where |u| is the magnitude of the velocity at the front of the flow and h its characteristic thickness. Constraining the velocity of the front during growth from HiRISE images (e.g. Fig. 5 ) and the assumed thickness for these flows (mm to cm (Dundas et al., 2017) ), we obtain 10 −5 ≤ Fr ≤ 10 −3 . Inertia is therefore negligible and the only type of dry flows possible under these conditions are steady uniform flows (Forterre and Pouliquen, 2008; Pouliquen, 1999; Savage and Hutter, 1989) . The assumption that consecutive snapshots of RSL growth are taken from a single event rather than short pulses is motivated by the fact that the friction that opposes the granular flow is easier to overcome under dynamic than static conditions, and that once the mass is redistributed at the end of the propagation of an RSL, the slope is more stable than it was previously and a new flow will likely be emplaced somewhere else or initiate at the front only, which again supports low Fr values.
Governing equations
Under the conditions of negligible inertia, the mass and momentum conservation statements reduce then to the St Venant equations (Pouliquen, 1999; Savage and Hutter, 1989 )
where u is the velocity vector describing the kinematics of the flow, e y is the unit vector pointing downslope, K is a dimensionless coefficient that represents the ratio of normal to shear stresses on the bed (determined experimentally and generally assumed to be 1 (Pouliquen, 1999) ) and μ* is the dynamic friction coefficient which depends on the flow velocity, thickness and slope angle in general. At very low Froude numbers, μ is mostly a function of flow thickness h (Pouliquen, 1999) . We will again resort to the scaling analysis of the equations of motion to test whether dry granular flows agree with the morphologic constraints we gathered from the observation of the 13 non-merging RSL listed in Table 1 . Pouliquen (1999) was able to show experimentally and theoretically that for steady uniform dry granular flow, the flow front velocity C. Huber, et al. Icarus 335 (2020) 113385 (downslope component v) and the flow thickness h are directly related according to v ≈ h 3/2 . In order to test the dry gravity flow hypothesis, we will focus our attention to non-merging RSL that occur on the same slope and that involve soils with equivalent grain size distribution (similar conditions). In that context, if two or more "sibling" flows occur simultaneously on the same slopes and display significant differences in growth rates (during their transient phase), it can only be attributed, in the framework of dry flows, to the thickness of the flow as it initiates its steady downhill propagation. Using the relative difference between "sibling" RSL rather than absolute measure of their growth removes our reliance on poorly constrained parameters such as the dynamic friction coefficient between dust grains , local atmospheric conditions and the grain size distribution at the site of interest. Using our data from Tivat and Raga craters (Fig. 5) , we find that the faster growing RSL are also the longer, which qualitatively is consistent with the fact that faster growth implies larger volume of granular material involved in the flow. Quantitatively, following the scaling of the St Venant equations and confirmed by experiments (Pouliquen and Forterre, 2002) , we establish that the maximum length of the flow L y scales like C. Huber, et al. Icarus 335 (2020) 
Scaling analysis
where V is the volume of the flow as it reaches its uniform growth regime and a d is a dimensionless constant of proportionality of order 1. When comparing two RSL from the same crater and experiencing similar conditions, the ratio of their maximum length depends only on the ratio of the volume of granular medium involved according to (volume) 1/3 . In terms of downslope maximum extent of the flow, the scaling analysis leads to a relationship between the ratio of maximum length of the dry flow to its spreading velocity, assuming conservatively similar width L x (this assumption is revisited in the Results section),
( 1) 
where the velocities are estimated from Fig. 5 at a time where their downslope extent is similar.
Results
Growth and steady-state scaling laws for the wet models
Considering initially the model where evaporation is transportlimited (Model 2: vapor diffusion through the porous medium), we can first consider the transient growth of RSL expected from Eqs. (9) and (5) and compare it with real data measured with HiRISE images at Tivat and Raga craters for example (see Fig. 5 ).
The overlined symbol refers to daily average quantities (as solar insolation and temperature fluctuate daily, we assume daily averages for production and evaporation rates over the existence of RSL). The assumption that volumetric growth is mostly accommodated by downslope propagation is supported by our numerical simulations of wet gravity flows. We found that the characteristic thickness of these flows is of the order of a few millimeters and that both width and thickness remain roughly constant when the flow extends downslope (as soon as the slope spreading term dominates).
Interestingly, while the relationships between the flow dimensions, evaporation and production rates are significantly different, we find effective evaporation rates that are of the same order of magnitude (see Tables 1 and 2 and Fig. 5 ). When corrected for soil obstruction (Hudson and Aharonson, 2008) and for the fraction of the day over which evaporation is active on these slopes (see Appendix), we retrieve rates (about 10 −2 mm/ h) that are significantly slower than what would be expected for pure water, but within the range of values expected for brine solutions (Ingersoll, 1970; Sears and Chittenden, 2005) . The permeability of the soil estimated with each model also agrees with each other (ranges between 10 −11 and 10 −10 m 2 ). These values are consistent with well sorted sand soils on Earth and seem therefore realistic (Bear, 1972) . Most importantly, the production rate of fluids required to generate each RSL (see Table 1 ) is consistent over the 13 RSL with volumes integrated over the active season of about 1 m 3 per feature (except for the measured RSL at Rauna because of its greater width). Finally, we ran a confirmation test where we tried to reproduce the transient growth of RSL given that most parameters are obtained from steady-state morphology to test whether the wet models are consistent with the morphology of the observed RSL during the transient growth; we found an excellent agreement between observations and Model 1 (see example from Tivat in Fig. 6 ).
Growth and steady-state scaling laws for the dry model
As discussed in the scaling section for dry flows, we expect "sibling" RSL closely connected spatially and temporally to offer insight into the ability of a dry granular gravity flow to explain both the growth and maximal extent of RSL. Using the same growth data shown in Fig. 5 , we estimate the average front velocity for sibling RSL at Raga when they reach a length L y (t) = 20 m. We repeat the same operation at Tivat, but considering the velocity of the front once the RSL reach a length L y (t) = 50 m. As the flow front velocity differs by a factor of 5 for example for Raga 1 and 2, the thickness of those flows are expected to differ by a factor of 3. Assuming, conservatively, that the width is not influenced by the thicker flow for Raga 1 (if it is, one would argue for a wider flow and therefore an even greater volume of granular material involved in the flow), we would expect RSL Raga 1 to be 40% longer than Raga 2, while in fact, it is more than 100% longer. Similarly, at Tivat, when comparing Tivat RSL 3 to 1 and 2 (Fig. 5) , the theory for dry granular flows would predict that the difference in growth rate observed would lead to a final difference in RSL length of only 17 %, whereas we observe a difference greater than 70 % (Fig. 5) . The only possible way to reconcile the morphology of these sibling RSL is to invoke a change in slope, more specifically a slope that increases downhill, which would favor a longer propagation for RSL reaching further down the slope. This is not supported by the slope profiles at these sites, as RSL typically form on slopes that shallow downhill.
Discussion
Wet versus dry
Although there is a continuum of possible models between the wet (fully saturated) and dry gravity flow end members presented here, there is much to learn from the study of the formation and evolution of these flows from their governing equations and the derived scaling laws provided in this contribution. It offers a direct perspective on the role of water in RSL. Table 1 offers a qualitative summary of the results presented above. The parameters covered in the Table are focused on the ability of the models to explain the morphology of RSL within a consistent framework, and, water mass balance predicted from the wet models within these conditions. There are more parameters that any of these models would need to be tested against in the future, the morphological parameters selected here are however useful discriminators to contrast the different models.
From a process-based perspective, either of the two wet models can explain the growth rate and final extent of the measured RSL in a selfconsistent framework. Interestingly, effective evaporation rates, even if they can vary by about one order of magnitude when considering all sites where we measured non-merging RSL, are very consistent within the same geographic context (variability within the same crater and considering that comparable slope aspect is low, less than a factor of 2 in general). These evaporation rates are framed into RSL half-lives in Tables 2, and once corrected for the fraction of the day where the temperature conditions are such that evaporation is active, yield halflives between a few to about 40 Martian days (that would represent their fading rate if production ceases).
The recent study of Dundas et al. (2017) correctly points out some possible limitations of the wet RSL hypothesis that extend beyond the ability of wet models to match the morphology and growth rates of these features. The first point raised is that the RSL they looked at terminate near or within the predicted range of angle of repose for dry sand, which suggest a dry granular process. While this argument is not unfavorable to wet RSL, it suggests, however, a dry control on the termination of RSL. A similar argument was made for slope streaks, even though slope streaks are known to extend and propagate well beyond the break in slope (Brusnikin et al., 2016) . The control exerted by the slope on the termination of RSL and slope streaks is therefore not yet well established.
Source of water
The issue of most concern with a wet origin for RSL is the source for the water participating in the flow. Even if the models point to water volumes involved with individual RSL as low as a cubic meter or less, finding a source for that water near the surface, especially at low to mid-latitudes, remains challenging (Dundas et al., 2017) . The recent discovery of large volumes of water ice in the shallow subsurface exposed, in several instances, by retreating cliffs in mid-latitude provides a plausible source for the water that can feed RSL activity (Dundas et al., 2018) . This ice, deposited as snow during periods of high obliquity on Mars (Fastook et al., 2011 (Fastook et al., , 2008 Head et al., , 2010 , could partially sublimate and interact with salts in the Martian soil, and sustain RSL activity over protracted periods of time. It is therefore possible that snow deposited during periods where Mars climate was significantly different in low and mid latitudes plays an important role on various geomorphic active features on Mars. Another possible source for water comes that seasonal frost deposited in perched alcoves that provide shadowing, creating a sublimation lag (Schorghofer et al., 2018) . Both possibilities would also explain that RSL source often originates at the foot of steeper slopes and cliffs. Analogs for slope streaks from the Dry Valleys in Antarctica have been proposed, where moisture in soils is delivered through the melting of snow packs that are buried under a thin cover of soils and lead to the formation of darkening downslope features (Dundas et al., 2018; Head et al., 2007 , a similar process could also be linked to the generation of RSL on Mars.
Conclusions
The nature of RSL and the mechanisms that initiate these features remain difficult to constrain given the limited temporal constraints we currently have. An important issue, not discussed here, will be to study the waning processes of RSL (change in albedo) and possibly receding patterns. Such observations could lend further support to either model because they should be sensitive to the dry/wet nature of RSL. Given the present constraints, and studying some typical non-merging RSL examples, we find that wet models, involving either transport or kinetically limited evaporation, can satisfactorily explain the transient growth and morphology of these features. While dry granular gravity flow processes can explain the morphology or growth separately, they have difficulty in reconciling both in a consistent way. There is more work needed to close the debate about the nature of RSL and their potential link to subsurface aqueous fluids. The present study provides a process-based analysis of predictions made from mechanistic models for wet and dry flows and compared them to measurements from nonmerging RSL at different sites on Mars. Future study of non-traditional RSL behavior, decays of the albedo during the waning stages of their evolution will also offer new insights.
